Introduction
LiMn2O4 is expected as a lithium-ion rechargeable battery material because the electric potential is higher than that of lithium metals. It is well known experimentally that a feature of the charge-discharge cycle is degradation when lithium ions are desorbed until the x value is below 0.5 in LixMn2O4. 1 It is very important to investigate some factors of the cycle features, since LiMn2O4 is expected to be an alternative material of LiCoO2.
For characterizing of these materials, XAS (X-ray Absorption Spectroscopy) and XPS (X-ray Photoelectron Spectroscopy) have been used; the local structure and the valence band electronic structure information have been obtained. For example, the EXAFS (Extended X-ray Absorption Fine Structure) of transition metals (Co, Mn and Ni) in positiveelectrode materials were measured by Nakai et al., 2 Mnsour et al., 3 Ammundsen et al. 4 and Rosolen et al. 5 to investigate the conformational changes due to the charge-discharge cycles. The C K-edge XANES (X-ray Absorption Near-Edge Structure) of a carbon negative-electrode conformational change was investigated by Dahn et al. 6 and Sandi et al. 7 The valence band structure of the positive-electrode materials by XPS were investigated by Galakhov et al. 8 and Dupin et al. 9 However, it is difficult to observe the Li 1s peak directly in the positiveelectrode materials. This is because the Li 1s peak overlaps the backgrounds of the 3p peak of the transition metal in the positive-electrode materials. The photoionization cross section of transition-metal 3p electrons at an excitation energy of 1253.6 eV (Mg Kα line) is higher than that of the Li 1s electron.
In the present study, the Li 1s XPS spectra of LiMn2O4, which is one of the major positive-electrode materials in the lithiumion rechargeable battery, and MnO2 as a reference sample, were measured by a laboratory-type XPS spectrometer; measurements were additionally carried out by threshold excitation at a synchrotron facility. From a comparison of those results, the excitation energy dependence of the Li 1s peak was obtained.
Experimental
The Li 1s XPS spectra of LiMn2O4 and MnO2 were measured in the laboratory by an ESCA1000 (Shimadzu Co. Ltd.). The pass energy was 16 eV, and the Mg-Kα line was used as the excitation energy. The X-ray tube was operated at 10 kV and 30 mA was the emission current. The spectra were obtained with 0.1 eV steps and 6 s for one channel. The base pressure of the experimental chamber was 10 -6 Pa.
The XPS measurement with the synchrotron radiation was performed at beamline BL7B 10 on the NewSUBARU synchrotron facility of LASTI (Laboratory of Advanced Science & Technology for Industry), University of Hyogo, Japan. The optical elements of BL7B were composed of three mirrors and varied line spacing plane gratings. The spectra were measured by using a conventional photoelectron spectrometer, which was mounted with a hemispherical electrostatic analyzer (VSW Ltd., CL150). Photon energies of hν = 110, 120, 130, 150 and 151.4 eV were selected to excite the samples. An excitation energy of 151.4 eV was selected to confirm the capability of Li-1s peak appearance by a Zr target X-ray tube at the laboratory. The base pressure of the experimental chamber was 10 -8 Pa. The spectra were obtained with 0.064 eV step and 1 s for one channel.
LiMn2O4 was made in such a way that a mixture of LiCO3 and The Li 1s XPS (X-ray Photoelectron Spectroscopy) spectra of LiMn2O4, which is one of the major positive-electrode materials in lithium-ion rechargeable batteries, and MnO2 as a reference material, were measured by a laboratory-type XPS spectrometer. The Li 1s peak was not observed in the spectra excited by the Mg Kα line (1253.6 eV), because the Li 1s peak overlapped the background of the Mn 3p peak of LiMn2O4. The photoionization cross section of Mn 3p was larger than that of Li 1s for Mg Kα excitation. Therefore, the XPS measurement of LiMn2O4 by soft X-ray synchrotron excitation was carried out at beamline BL-7B on NewSUBARU synchrotron facility. Excitation energies of 110, 120, 130, 140, 150 and 151.4 eV were selected. The Li 1s peak was clearly observed in these XPS spectra. In order to investigate the excitation energy dependence, the area ratio of the Li 1s and Mn 3p peaks in the XPS spectra was plotted against the excitation energy. As a result, when the excitation energy was 110 eV, the area ratio had the maximum value.
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MnO2 (the mol ratio of Li and Mn was 1:2) was calcinated. Commercially available MnO2 was measured as a reference. The two measured samples were powder forms, and were mounted on an indium sheet. The measured spectra were calibrated by Au 4f5/2 (87.6 eV) 11 and Au 4f7/2 (83.9 eV) 11 peaks.
Results and Discussion
The measured XPS spectra of LiMn2O4 and MnO2 at the laboratory (ESCA1000) are shown in Fig. 1 . In both spectra, the peaks at about 48 eV were assigned to Mn 3p. The spectral shape of LiMn2O4 was similar to that of MnO2, and Li 1s was not observable for LiMn2O4. This was because the photoionization cross section of the Li 1s orbital was about 1/20 smaller than that of LiMn2O4 for the Mg-Kα excitation energy, as listed in Table 1 . However, as the excitation energy became lower, the photoionization cross section of Li 1s became close to that of Mn 3p.
In order to observe the Li 1s peak in the XPS spectra for LiMn2O4, lower energy X-rays than the Mg Kα line were used as the excitation source. The XPS spectra of LiMn2O4 excited by various energies are shown in Fig. 2 . The measured spectral intensities were normalized with respect to the Mn 3p maximum. This is because the incident X-ray intensity depended on the X-ray energy. Two peaks at about 54 eV (Li 1s) and 48 eV (Mn 3p) are found in Fig. 2 . The Li 1s peak, which did not exist in the Mg-Kα excited spectra, becomes clearly appeared. For a lower the excitation energy in Fig. 2 , the background level on the high binding energy side increases, because of the increase of the photoelectron inelastic scattering in the solid. Therefore, an excitation energy of less than 100 eV results in an overlap of the Li 1s peak with the background. The Li 1s peak is clearly observable at an excitation energy of 151.4 eV, which indicates that the Zr target X-ray tube (Zr-Mξ = 151.4 eV) makes it possible to observe the Li 1s peak clearly without using a synchrotron facility.
The excitation energy dependence of the Li 1s and Mn 3p peaks was investigated. In Fig. 2 , the background was subtracted by a straight line, and the area intensities of the Li 1s and Mn 3p peaks were worked out by peak deconvolution. The result of the peak deconvolution at the excitation energy of 150 eV is shown in Fig. 3 . Same numerical processing was carried out for all of the measured spectra, and peak area ratios of the Li 1s relative to the Mn 3p were plotted against the excitation energy, as shown in Fig. 4 . The lower the excitation energy became, the area ratio increase. The area ratio at an excitation energy of 110 eV was the maximum, as is found in Fig. 4 . However, the background intensity at an excitation energy of 780 ANALYTICAL SCIENCES JULY 2005, VOL. 21 110 eV is also the highest in Fig. 2 . It is concluded that the most appropriate excitation energy depends on the electron analyzer used; under the present experimental condition, a suitable excitation energy is between 130 and 150 eV.
Conclusion
In the present study, the XPS spectra of LiMn2O4 were measured at the laboratory as well as at a synchrotron radiation facility. The Li 1s peak appeared neither in the XPS spectra of LiMn2O4 nor MnO2 when excited by the Mg Kα line because the photoionization cross section of Li 1s was extremely smaller than that of Mn 3p. Therefore, the XPS measurements of LiMn2O4 were carried out at excitation energies of 110, 120, 130, 140, 150 and 151.4 eV by using a synchrotron beamline. The Li 1s peaks became clearly observable in these spectra. The area ratios of the Li 1s and Mn 3p peaks in the XPS spectra were plotted against the excitation energy in order to investigate the excitation energy dependence. As a result, the area ratio at an excitation energy of 110 eV was the maximum value. However, the backgrounds also became strong, and consequently an excitation energy between 130 and 150 eV was suitable. It is expected that information on the lithium chemical state in lithium ion-rechargeable batteries is obtained by the Li 1s XPS spectra excited by the Zr Mξ X-ray.
